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ABSTRACT
While numerical simulations have been playing a key role in the studies of planet-disk interaction,
testing numerical results against observations has been limited so far. With the two directly imaged
protoplanets embedded in its circumstellar disk, PDS 70 offers an ideal testbed for planet-disk inter-
action studies. Using two-dimensional hydrodynamic simulations we show that the observed features
can be well explained with the two planets in formation, providing strong evidence that previously
proposed theories of planet-disk interaction are in action, including resonant migration, particle trap-
ping, size segregation, and filtration. Our simulations suggest that the two planets are likely in 2:1
mean motion resonance and can remain dynamically stable over million-year timescales. The growth
of the planets at 10−8−10−7 MJup yr−1, rates comparable to the estimates from Hα observations, does
not destabilize the resonant configuration. Large grains are filtered at the gap edge and only small,
(sub-)µm grains can flow to the circumplanetary disks and the inner circumstellar disk. With the sub-
millimeter continuum ring observed outward of the two directly imaged planets, PDS 70 provides the
first observational evidence of particle filtration by gap-opening planets. The observed sub-millimeter
continuum emission at the vicinity of the planets can be reproduced when (sub-)µm grains survive over
multiple circumplanetary disk gas viscous timescales and accumulate therein. One such possibility is if
(sub-)µm grains grow in size and remain trapped in pressure bumps, similar to what we find happening
in circumstellar disks. We discuss potential implications to planet formation in the solar system and
mature extrasolar planetary systems.
Keywords: hydrodynamics – planet-disk interaction – stars: individual (PDS 70)
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1. INTRODUCTION
Numerical simulations have been playing a key role
in the studies of planet-disk interaction and planet for-
mation, by confirming analytic theories, examining non-
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linear phenomenons, allowing us to explore a broad pa-
rameter space, and making observational predictions.
Despite the important role, testing results from numer-
ical simulations against observations has been limited
because observing planets in formation has been very
challenging. The situation is however gradually chang-
ing. Thanks to increasingly powerful observing facili-
ties and techniques we are now able to peer into the
birthplaces of planets, routinely finding disk substruc-
tures hinting at on-going planet formation (e.g., Aven-
haus et al. 2018; Andrews et al. 2018; Pinte et al. 2018;
Teague et al. 2018), although whether or not planets
are indeed the cause of the observed features has to be
further investigated.
With two directly detected protoplanets embedded in
its circumstellar disk (Keppler et al. 2018; Wagner et al.
2018; Haffert et al. 2019), PDS 70 offers an ideal testbed
for planet-disk interaction studies. The two planets,
PDS 70b and c, are located 195 and 234 milliarcsecond
(hereafter mas; Keppler et al. 2018; Haffert et al. 2019)
from the 5.4 Myr-old, K7 pre-main sequence star PDS 70
(Mu¨ller et al. 2018) on the sky. The de-projected dis-
tances between the planets and the star (∼ 20 and 35 au)
suggest that the two planets are in or near 2:1 mean mo-
tion resonance (Haffert et al. 2019). They cleared their
vicinity and opened an inner cavity in the circumstellar
disk, initially identified in IR observations (Hashimoto
et al. 2012; Dong et al. 2012). Sub-mm continuum ob-
servations have also revealed an inner cavity with the
emission concentrated beyond the two planets’ orbits
(Hashimoto et al. 2015; Long et al. 2018; Keppler et al.
2019). Rotation velocity measurements of CO gas re-
vealed that the gas pressure changes over radius in a way
suggesting that grains are trapped in a pressure bump
(Keppler et al. 2019), although it is pointed out that
the cavity is too wide to explain with PDS 70b alone,
the only planet known to be in the system at that time.
The size of the inner cavity is larger in sub-millimeter
(hereafter sub-mm) continuum (∼ 74 au; Keppler et al.
2019) than in IR (∼ 52 au with the Gaia DR2 distance of
113 pc; Dong et al. 2012). IR and sub-mm observations
suggest that both planets are surrounded by dusty cir-
cumplanetary disk (CPD; Christiaens et al. 2019; Isella
et al. 2019), while the nature of the sub-mm emission
detected near PDS 70b, which is 74 mas offset from the
location of PDS 70b inferred from Hα/IR emission, is
yet to be explained (Isella et al. 2019).
Interestingly enough, many of the aforementioned ob-
served features have been previously seen in and pro-
posed to happen in protoplanetary disks by numeri-
cal simulations. Multiple planets in resonance are pro-
posed as a possible cause of inner cavities seen in (pre-
)transitional disks (Zhu et al. 2011). In the pressure
bump forming beyond a planet’s orbit, particles can be
efficiently trapped and we expect segregation of grain
sizes such that, under typical protoplanetary disk con-
ditions, smaller grains are distributed over a larger ra-
dial extent, resulting in a smaller cavity size (Pinilla
et al. 2012; Zhu et al. 2012). The outer edge of the gap
can act as a filter so small particles can penetrate the
planet-induced gap whereas large particles are filtered
and remain trapped beyond the gap (Rice et al. 2006;
Zhu et al. 2012). The existence of circumplanetary disks
around giant planets is also conceptually and numeri-
cally predicted (Quillen & Trilling 1998; Lubow et al.
1999; Ayliffe & Bate 2009; Ward & Canup 2010), as a
consequence of angular momentum conservation similar
to the formation of circumstellar disks around proto-
stars.
In this paper, we carry out two-dimensional hydrody-
namic calculations adopting physical properties of the
PDS 70 circumstellar disk and the two planets embed-
ded therein. By simulating the dynamics of disk gas
and dust in response to two growing planets, we show
that the signposts of planet-disk interaction predicted by
numerical simulations and the observed features of the
PDS 70 disk show a good agreement with each other. We
believe the resemblance between simulations and obser-
vations strongly supports the previously proposed the-
ories, including resonant migration, particle trapping,
size segregation, and filtration, are in action.
The paper is organized as follows. In Section 2, we in-
troduce our numerical model. In Section 3, we present
results from numerical simulations, focusing on the evo-
lution of the circumstellar disk and planets’ orbits. In
Section 4, we generate simulated sub-mm continuum
images from our simulations to compare with the ob-
servations and discuss how our findings can help better
understand planet-disk interaction, CPDs, and planet
formation. We present our conclusions in Section 5.
2. MODEL SETUP
2.1. Initial Gas Disk
We adopt an initial disk gas surface density profile
that falls off with an exponential tail against radius R
Σgas,init(R) = Σc
(
R
Rc
)−1
exp
(
− R
Rc
)
, (1)
where we choose Rc = 40 au and Σc = 2.7 g cm
−2 so
that the total disk gas mass within the simulation do-
main is 0.003 M, similar to the model used in Keppler
et al. (2019).
To set up the initial disk temperature profile, we it-
erate Monte Carlo radiative transfer (MCRT) calcula-
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tions using RADMC-3D (Dullemond et al. 2012) until
we obtain a converged three-dimensional disk density
and temperature profile (see Appendix A). The least-
squares power-law fit to the density-weighted, vertically
integrated temperature T¯ is
T¯ (R) = 44 K
(
R
22 au
)−0.24
. (2)
Adopting a stellar mass of 0.85 M (Keppler et al. 2019)
and a mean molecular weight of 2.4, this temperature
profile corresponds to a disk aspect ratio H/R of
H/R = 0.067
(
R
22 au
)0.38
. (3)
2.2. Planets
We fix PDS 70b’s mass to 5 MJup, consistent with
previous estimates (Keppler et al. 2018; Mu¨ller et al.
2018). We test three different masses for PDS 70c: 2.5,
5, and 10 MJup. The two planets are initially placed at
20 and 35 au, in an agreement with the observed de-
projected distances to the central star (Keppler et al.
2019; Haffert et al. 2019). With the semi-major axes
the orbital period ratio is 2.3:1, so the two planets are
located slightly outside of 2:1 mean motion resonance
initially. In addition to the three simulations, we carry
out a simulation with PDS 70b only.
We run simulations for 2 Myr, which corresponds to
about 20,000 orbits at PDS 70b’s initial radial loca-
tion. We linearly increase planet masses over the first
104 years, while fixing their orbits. After 104 years, we
allow the planets to gravitationally interact with each
other as well as with the circumstellar disk. As we will
show below, the two planets settle into 2:1 mean mo-
tion resonance within about 0.1 Myr in all three cases
and the common gap opened by the planets reaches a
quasi-steady state by 0.2 Myr.
To examine whether increases in planet masses affect
the stability of the system, we allow the planets to ac-
crete gas starting at 0.2 Myr. In practice, the gas density
in cells within a fraction of planets’ Hill radius is reduced
by a fraction faccΩ∆t and added to the planets each hy-
drodynamic time step, following the approach presented
in Kley (1999) and Du¨rmann & Kley (2017). This re-
sults in the gas depletion timescale of τacc = (faccΩ)
−1.
We choose facc = 0.01, with which the planets accrete
at 10−8−10−7 MJup yr−1, consistent with the estimates
based on Hα observations (Wagner et al. 2018; Haffert
et al. 2019). Note that this parameterized planet accre-
tion is adopted to examine the dynamical stability in a
way that the total mass and momentum are conserved,
rather than to realize actual accretion processes within
planets’ Hill sphere.
The gravitational potential of planets is softened over
60% of the local gas scale height, in order to mimic
the overall magnitude of the torque in three dimensions
(Mu¨ller et al. 2012).
2.3. Hydrodynamic Simulations
We carry out two-dimensional, locally isothermal hy-
drodynamical simulations using the Dusty FARGO-
ADSG code (Baruteau et al. 2019). This is an extended
version of the publicly available FARGO-ADSG (Mas-
set 2000; Baruteau & Masset 2008a,b), with Lagrangian
test particles implemented (Baruteau & Zhu 2016).
The simulation domain extends from 2.2 to 198 au in
the radial direction and covers the entire 2pi in azimuth.
We adopt 672 logarithmically-spaced grid cells in the ra-
dial direction and 936 uniformly-spaced grid cells in the
azimuthal direction. At the radial boundaries we adopt
a wave-damping zone (de Val-Borro et al. 2006) to sup-
press wave reflection, from 2.2 to 2.64 au and from 176
to 198 au. Because we are interested in long-term, Myr-
timescale evolution, we decrease the surface density in
the wave-damping zone Σgas,damp over the local viscous
timescale following
Σgas,damp = Σgas,init exp (−t/tvis). (4)
Here, tvis = R
2/ν is the viscous timescale and ν =
αc2s/Ω, where α is the viscosity parameter, cs is the
sound speed, and Ω is the orbital frequency. A uniform
disk viscosity α = 10−3 is applied.
In addition to the gas component we insert 100, 000
Lagrangian test particles at t = 0.5 Myr, well after the
overall disk structure reaches a quasi-steady state. Test
particles are inserted between 50 and 100 au, with a
uniform dust-to-gas mass ratio of 2.5 % across this ra-
dial region. This results in a total dust mass of about
10 M⊕. We assume a dust bulk density of 1.26 g cm−3,
which corresponds to that of aggregates with 30 % sili-
cate matrix and 70 % water ice. Particle sizes are deter-
mined such that we have approximately same number
of test particles per decade of size between 0.1 µm and
1 mm. We choose the maximum particle size of 1 mm
because the fragmentation-limited maximum grain size
(e.g., Birnstiel et al. 2012) between 50 and 100 au is a
few hundred µm with the disk and particle properties
we adopt. With the initial gas surface density in Equa-
tion (1), the Stokes number of the test particles can be
expressed as
St ' 0.07
( s
1 mm
)( R
40 au
)
exp
(
R
40 au
)
. (5)
Test particles feel the gravity of the star and the plan-
ets. In addition, they interact with the circumstellar
4 Bae et al.
disk gas via aerodynamic drag. Turbulent diffusion is
included as stochastic kicks on the particles’ position fol-
lowing the method presented in Charnoz et al. (2011),
adopting α = 10−3. Test particles do not provide feed-
back onto the planets and the disk gas. The size evolu-
tion of particles is not included in the simulations.
Since we aim to explain the sub-mm continuum flux
associated with the CPDs (Section 4.2), we assign mass
to test particles so that we can keep track of the CPD
dust mass. In practice, this mass assignment is done
such that the dust mass at each radius in the initial disk
is distributed over a range of dust size s, from 0.1 µm to
1 mm, to have the mass per interval in log(s) be propor-
tional to s0.5 (this corresponds to a dust size distribution
of n(s) ∝ s−3.5).
3. RESULTS
3.1. Disk Evolution
We start by discussing the overall circumstellar disk
evolution. In Figure 1, we present the two-dimensional
gas surface density distribution, test particle distribu-
tion, and azimuthally-averaged radial distributions of
the gas and dust surface density at t = 0.6 Myr.
When only PDS 70b exists in the disk, the planet’s
outer gap edge becomes eccentric (e ∼ 0.1) because of
the eccentric Lindblad resonance (Lubow 1991a,b; Pa-
paloizou et al. 2001). The wave modes from the cir-
cular component of the planet’s potential are excited
at RLR,circ = [(m ± 1)/m]2/3 Rp, where m denotes the
azimuthal wavenumber of wave modes. The outer Lind-
blad resonance located farthest away from the planet
is the m = 1 mode, which occurs at 1.6 Rp ' 32 au.
As shown in the radial gas density profile in Figure 1,
PDS 70b opens a wide gap with the gas density peaking
at about 45 au. The total angular momentum exchange
via the circular component of the planet’s potential,
which is the summation of the individual contribution
over the entire azimuthal wavenumbers, is therefore sig-
nificantly reduced. On the other hand, wave modes from
the eccentric component of the planet’s potential launch
at RLR,ecc = [(m ± l)/m]2/3 Rp (l is an integer greater
than 1), which is always beyond the Lindblad resonance
of their counterpart circular component RLR,circ in the
outer disk. Thus, the overall angular momentum ex-
change can be dominated by the eccentric component,
making the outer gap edge eccentric. In the PDS 70b-
only model particles with sizes 0.1−1 mm (hereafter sub-
mm particles), which dominate the sub-mm continuum
flux, are trapped in the gas pressure peak at 45 au; this
is insufficient to explain the continuum peak at ∼ 74 au
in the sub-mm observation (Keppler et al. 2019).
Muley et al. (2019) recently showed that accreting
planets can have an abrupt increase in its orbital ec-
centricity to e ∼ 0.25 as they grow in mass. These
planets can carve a wider gap than otherwise, help-
ing explain the large continuum cavity. We however
do not observe such an increase in orbital eccentricity,
at least for the duration of our simulations. We con-
jecture this could be because the reported eccentricity
growth prefers large accretion rates. In the fiducial sim-
ulation of Muley et al. (2019), the time-averaged accre-
tion rate until the onset of the eccentricity growth is
∼ 2.5 MJup/3.5 Myr ' 7× 10−7 MJup yr−1, more than
an order of magnitude larger than the accretion rate es-
timates from observations.
When both PDS 70b and c are inserted the two plan-
ets open a common gap. The gas disk and particle ring
at the common gap outer edge remain circular when
PDS 70c’s mass is 2.5 or 5 MJup. In the two mod-
els, sub-mm particles are trapped in the pressure peak
at ∼ 63 au, which is further out compared with the
PDS 70b-only model and is in a better agreement with
the continuum ring location in the sub-mm observation
(Keppler et al. 2019). The gas surface density around
PDS 70c is larger than that around PDS 70b when
Mc = 2.5 MJup, while it is comparable to the gas den-
sity around PDS 70b when Mc = 5 MJup. This, together
with the fact that the CO emission is significantly more
depleted around PDS 70b’s orbit (Keppler et al. 2019),
suggests that PDS 70c likely has a smaller mass than
PDS 70b.
When PDS 70c’s mass is 10 MJup the outer gap edge
in the gas disk and particle ring become eccentric, with
the eccentricity varying between 0.2 and 0.4 over time.
Similar to the PDS 70b-only model, the non-zero disk ec-
centricity arises as the gap is sufficiently wide such that
the eccentric component of PDS 70c’s potential domi-
nates over its circular component. Because such a large
continnuum ring eccentricity of e ∼ 0.2 − 0.4 can be
ruled out by sub-mm observations (Keppler et al. 2019),
we conclude that PDS 70c’s mass has to be smaller than
10 MJup.
3.2. Planets’ Orbital Evolution
We plot orbital elements of the two planets in Figure
2 and 3. As can be seen from the resonant angle, de-
fined as ψcb = 2λb − λc −$c where λb and λc are mean
longitudes of the planets, and $c is the outer planet’s
longitude of perihelion, the two planets migrate toward
each other and settle into 2:1 mean motion resonance
within the first 0.1 Myr of the simulations for all three
cases. We find that the two planets remain dynamically
stable for the next 2 Myr. Such a rapid adjustment in
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Figure 1. (Left) The two-dimensional gas surface density distribution, (middle) particle distribution, and (right) azimuthally-
averaged radial gas and dust density distributions at t = 0.6 Myr. From top to bottom, models without PDS 70c, with
Mc = 2.5 MJup, Mc = 5 MJup, and Mc = 10 MJup. Dashed circles in the left and middle panels show the location of the
azimuthally-averaged gas pressure maximum. In the middle panels, the red circles show the size of Hill radius of the planets.
In the right panel, the red dashed line shows 1:2 outer Lindblad resonance location of PDS 70c (PDS 70b in the model without
PDS 70c), while the black dashed line show the gas pressure maximum. The dotted curve shows the initial gas surface density
profile. The color histograms show the azimuthally-averaged dust surface density with sizes of (dark blue) 0.1− 1 µm, (green)
1− 10 µm, (red) 10− 100 µm, and (yellow) 0.1− 1 mm, adopting 1 au bin size in radius.
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Figure 2. Time evolution of (a) semi-major axes, (b) orbital
period ratio, (c) resonant angle, (d) orbital eccentricities,
and (e) accretion rates onto the planets. Note that the two
planets settle into 2:1 mean motion resonance within the first
0.1 Myr and remain dynamically stable for the duration of
the simulation. The first 1 Myr of the simulations are shown
for visualization purposes only.
their orbits into a resonant configuration suggests that
PDS 70b and c are likely in 2:1 mean motion resonance.
The exact period ratio is slightly larger than 2:1 be-
cause the planets experience repulsion as they interact
with each other’s spiral arms (Baruteau & Papaloizou
2013).
When PDS 70c’s mass is 2.5 MJup the two plan-
ets migrate outward (Figure 2a). Between 0.2 and
2 Myr, PDS 70b and c’s semi-major axes increase at 0.30
and 0.51 au Myr−1, respectively. On the other hand,
when PDS 70c’s mass is comparable to or larger than
PDS 70b’s mass (Mc = 5 MJup and 10 MJup models),
the planets experience an inward migration (Figure 3).
When PDS 70c’s mass is 5 MJup, PDS 70b and c’s semi-
major axes decrease at 0.39 and 0.73 au Myr−1. When
PDS 70c’s mass is 10 MJup, PDS 70b and c’s semi-major
axes decrease at 0.27 and 0.43 au Myr−1, respectively.
In all three models PDS 70c’s orbital eccentricity re-
mains relatively small, less than about 0.05, whereas
PDS 70b’s orbital eccentricity converges to e ∼ 0.05−0.2
with the exact value dependent upon PDS 70c’s mass.
Note that a smaller orbital eccentricity for the outer
planet is known to be a generic feature of 2:1 mean mo-
tion resonance (Baruteau & Papaloizou 2013). Even the
largest PDS 70b’s orbital eccentricity we find in our sim-
ulations (e ∼ 0.2) cannot be ruled out with the existing
observations (Mu¨ller et al. 2018).
The accretion rates onto the planets gradually de-
crease over time. Our simulations suggest that the mass
growth at rates consistent with recent Hα observations
(10−8 − 10−7 MJup yr−1; Wagner et al. 2018; Haffert
et al. 2019) is unlikely to destablize the mean motion
resonance.
4. DISCUSSION
4.1. Particle Trapping, Filtration, and Size Segregation
Giant planets open a deep gap and trap large grains
at the gap edge (e.g., Paardekooper & Mellema 2004;
Fouchet et al. 2007; Zhu et al. 2012). The ratio be-
tween the Stokes number and the disk viscosity param-
eter St/α is important in determining the width of par-
ticle distribution in a pressure bump and whether or
not particles penetrate the gap (Zhu et al. 2012; Dulle-
mond et al. 2018): large particles having Stokes number
St & α are efficiently filtered at the gap edge, whereas
small particles with St . α are mixed well with gas and
follow the gas distribution.
In Figure 4 we show the trajectories of test particles
from the Mc = 2.5 MJup model. As shown, small parti-
cles with sizes . 10 µm have a broad radial distribution,
whereas large particles with sizes & 10 µm move toward
the pressure bump aided by aerodynamic drag and re-
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Figure 3. Same as Figure 2, but results with (left panels) Mc = 5 MJup and (right panels) Mc = 10 MJup.
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Figure 4. An overlay of the trajectories of test particles in Mc = 2.5 MJup model: (top left) 0.1− 1 µm, (top right) 1− 10 µm,
(bottom left) 10 − 100 µm, and (bottom right) 0.1 − 1 mm particles. At the gas pressure peak (63 au) particles have Stokes
numbers St ' 0.8 (s/1 mm). Note that only small particles with sizes . 1 µm penetrate the common gap opened by the planets.
Note also that some of the small particles penetrating the gap are captured in the circumplanetary disks.
main trapped within a narrower radial region. While
large grains incapable of penetrating the gap establish a
quasi-steady state radial distribution rapidly, note that
small, sub-µm grains1 are well coupled with gas so leak
gradually over time, flowing into the inner disk. It is also
interesting to note that some sub-µm grains are captured
in circumplanetary disks while penetrating the gap (see
also Figure 1). The rate at which small particles pen-
etrate the gap appears to be dependent on PDS 70c’s
mass. Among the three models with two planets, we
find that the inner disk is fed with small dust most ef-
ficiently when Mc = 2.5 MJup. We conjecture this is
because the outward resonant migration facilitates the
interaction between PDS 70c and the dust reservoir in
the outer disk.
Figure 5a, b, and c show the observed continuum im-
age at 855 µm and simulated continuum images based
on the particle distribution of PDS 70b-only model and
Mc = 2.5 MJup model presented in Figure 1 (see Ap-
1 The exact size of grains available to penetrate a gap can differ
in other disks depending upon various disk properties, including
the gas surface density, the gap depth, and the level of disk tur-
bulence, as well as the grain internal density (Zhu et al. 2012).
pendix B for details about simulated observations). As
shown, Mc = 2.5 MJup model reproduces the flux and
morphology of the outer continuum ring reasonably well,
but the continuum ring in PDS 70b-only model locates
closer to the center of the system compared with the ob-
servation. With the sub-mm continuum ring observed
outward of the two directly imaged planets, PDS 70 sys-
tem provides the first observational evidence that gap-
opening planets can trap particles beyond their orbits.
Observations of transitional disks at different wave-
lengths, probing different regions in the disk and/or
grains with different sizes, show varying cavity size. In
general, the inner cavity seen in molecular gas lines and
optical/IR scattered light observations is smaller in size
than seen in (sub-)millimeter continuum observations
(e.g., van der Marel et al. 2016). This is consistent with
what is seen in PDS 70 observations (Hashimoto et al.
2012; Dong et al. 2012; Keppler et al. 2019) and the gas
and particle distribution seen in our simulations (Figure
1 and 4).
We note that, similar to PDS 70, two planet candi-
dates are detected within the inner cavity of the tran-
sitional disk around HD 100546. Near IR spectroscopic
monitoring of fundamental ro-vibrational CO emission
lines revealed a spectroastrometric evidence of an orbit-
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Figure 5. (a) The observed continuum emission at 855 µm, reproduced from Isella et al. (2019). (b) A simulated continuum
image with PDS 70b-only model, using spatial resolution (93 × 74 mas synthesized beam), rms noise level (18 µJy beam−1),
disk inclination (51.7◦), and position angle (156.7◦) comparable to the observation. (c) Same as middle left panel, but with
Mc = 2.5 MJup model. The CPD dust mass is distributed over a range of dust sizes from 0.1 µm to 1 mm (see text). (d) Same
as panel (c) but using a 30×30 mas synthesized beam and 14 µJy beam−1 rms noise, requiring 5 hours of on source integration.
The synthesized beam is shown in red at the bottom right corner of each panel.
ing companion within the inner cavity, at a de-projected
separation of ∼ 12 au from the central star (Brittain
et al. 2013, 2014, 2019). In addition, a point source
sub-mm continuum is detected with ALMA at a de-
projected separation of 7.8 au (Pe´rez et al. 2019). The
de-projected distances suggest that the two planets may
be in/near 2:1 mean motion resonance (orbital period
ratio ∼ 1.9 : 1). If confirmed, HD 100546 would offer an-
other convincing example of giant planets in resonance
opening inner cavity in transitional disk.
4.2. Circumplanetary Disks: Can We Explain the
Sub-millimeter Continuum Emission?
Sub-millimeter observations with ALMA revealed spa-
tially unresolved continuum emission at the vicinity of
PDS 70b and c, possibly originating from dusty CPDs
(Isella et al. 2019; Figure 5a). Here, we discuss if the
observed continuum flux can be explained with thermal
emission from the dust in the CPDs.
If the CPDs are in a steady-state such that the CPD
gas density remains constant over time, we can assume
that gas is supplied from the circumstellar disk onto
CPDs at the rate comparable to the planets’ accretion
rate, M˙acc ' 10−8 − 10−7 MJup yr−1 (Wagner et al.
2018; Haffert et al. 2019). Coupled with the gas flow
from the circumstellar disk, only small, sub-µm dust is
replenished as can be seen from Figure 1 and 4. We
use fdtg for the mass ratio between these small dust to
circumstellar disk gas at the outer edge of the gap. In
our simulations, we find that this is of order of 10−3
(Figure 1). Since sub-µm grains are expected to be well
coupled to the CPD gas, they would accrete onto the
planets over the CPD gas viscous timescale which can be
written as τvis ' Tp/(5piαCPD), where Tp is the planet’s
orbital period and αCPD is the viscosity parameter of
the CPD (Zhu et al. 2011). We thus expect that the
CPDs would have a steady-state dust mass of
Mdust,CPD' M˙accτvis
= 2× 10−5M⊕
(
M˙acc
10−8 MJup yr−1
)(
fdtg
10−3
)
×
(αCPD
10−3
)−1( Tp
100 yrs
)
. (6)
Assuming semi-major axes of 22 and 35 au for PDS 70b
and c and the stellar mass of 0.85 M, the orbital
periods of the planets are 112 and 225 years, respec-
tively. This results in Mdust,CPD of 2.2× 10−5 M⊕ and
4.5× 10−5 M⊕.
Adopting the distance d = 113 pc (Gaia Collaboration
et al. 2016, 2018), the optically thin continuum flux at
855 µm (350 GHz) is
Fν =
κνBν(Tdust,CPD)
d2
Mdust,CPD
= 0.15 µJy
(
κν
2 cm2 g−1
)(
Tdust,CPD
20 K
)(
Mdust,CPD
2× 10−5 M⊕
)
.(7)
With an opacity of ∼ 2 cm2 g−1 for sub-µm grains at
855 µm (Figure 8) and a stellar irradiation-dominated
CPD temperature of ∼ 30− 35 K (Appendix B), Equa-
tion (7) implies that the continuum flux is estimated to
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be < 1 µJy, far too small to explain the observed con-
tinuum flux of ∼ 100 µJy (Isella et al. 2019). We may
invoke in situ grain growth within CPDs; however, al-
though a larger sub-mm grain opacity of ∼ 10 cm2 g−1
helps, the estimated continuum flux is still a few µJy,
more than an order of magnitude smaller than the ob-
served flux.
To explain the observed continuum flux we thus need
either a small CPD viscosity of αCPD . 10−5 or accumu-
lation of dust in CPDs over multiple viscous timescales
so that the total dust mass is much larger than the
steady-state dust mass estimated. One possibility for
the latter is that sub-µm grains grow in situ in the CPDs
to sub-mm sizes and the sub-mm grains remain trapped
in pressure bumps, created perhaps by existing moons
and/or radially varying mass transport throughout the
disk. Since sub-mm grains in CPDs have short radial
drift timescales compared with the gas viscous timescale
(e.g., Zhu et al. 2018), pressure bumps are necessary if
we were to explain the continuum flux with sub-mm
grains. Interestingly, this overall picture is very similar
to what we infer to commonly happen in protoplane-
tary disks, where (sub-)µm grains are supplied from the
interstellar environment, grow to millimeter sizes (and
beyond), and are trapped in pressure bumps. Also, this
picture is similar to some Galilean satelite formation
models in the proto-Jovian disk (e.g., Canup & Ward
2002).
We note that the above order-of-magnitude esti-
mates are consistent with results from more detailed
calculations of CPD’s sub-mm continuum flux, for
instance that in Zhu et al. (2018). Based on Fig-
ure 3 of Zhu et al. (2018) we can infer that, with
MpM˙acc ∼ 10−7 M2Jup yr−1 and αCPD = 10−3, the
CPD continuum flux can reach 100 µJy only when the
dust-to-gas mass ratio is fdtg & 0.01. If dust is depleted
by a significant fraction at the gap edge and does not
accumulate in CPDs, CPDs with αCPD ∼ 10−3 will be
much fainter than 100 µJy.
In our numerical simulations, test particles captured
in CPDs are not accreted onto the planets. Particles
hence accumulate in the CPDs as if there are pres-
sure bumps. In the Mc = 2.5 MJup model, the to-
tal dust mass in the CPDs at t = 0.6 Myr reaches
(2− 3)× 10−3 M⊕. Consistent with the estimates from
Equation (7), that is 20−30 µJy assuming sub-µm grain
opacity of κν = 2 cm
2 g−1, we find that the CPDs are
too faint and are not detected at the rms noise level
comparable to the observation2. Note however that the
2 We find that reducing the rms noise level to 5 µJy beam−1
would reveal the CPDs at 3σ level.
observed sub-mm flux could be reproduced if sub-µm
grains in the CPDs are warmer (& 100 K) than the
stellar irradiation-dominated temperature. If CPD’s in-
ternal heating and/or planet’s accretion heat play an
important role, the observed sub-mm CPD flux could
be explained with sub-µm grains only.
As an alternative, one may invoke in situ grain growth
within the CPDs. In order to examine such a possibility,
we redistribute the total CPD dust mass over a range of
dust sizes from 0.1 µm to 1 mm, assuming a power-law
size distribution with an exponent of −3.5. With this
implementation, most of the CPD dust mass is in sub-
mm grains and the observed CPD continuum flux can
be reproduced as can be seen in Figure 5c, thanks to a
larger grain opacity. Again, note that the CPDs need to
have pressure bumps to trap those large grains because
otherwise they are subject to rapid radial drift.
Future higher angular resolution observations will be
able to separate PDS 70c’s CPD from the outer con-
tinuum ring (Figure 5d). Because the upper layers of
the near (i.e., Western) side of the outer circumstellar
disk will block optical/IR emission from PDS 70c as it
moves behind the upper layers, high spatial resolution
observations at (sub-)mm wavelengths will be crucial if
we were to constrain PDS 70c’s orbit.
4.3. Potential Implications to Planet Formation in the
Solar System and Mature Exoplanetary Systems
In the solar nebula, an increasing number of meteoritic
isotope measurements suggests that the solar protoplan-
etary disk had two genetically distinct reservoirs, which
coexisted and remained spatially separated (e.g., War-
ren 2011; Kruijer et al. 2017). One possible way to ex-
plain this so-called non-carbonaceous/carbonaceous me-
teorite dichotomy is if Jupiter (and possibly Saturn, too)
has grown early to open a gap around its orbit within
∼ 1 Myr, preventing large particles from flowing into
the inner disk (Kruijer et al. 2017). The sub-mm con-
tinuum ring located beyond the two forming planets in
the PDS 70 disk provides a strong observational evidence
that such a filtration mechanism could have operated in
the solar protoplanetary disk, too.
The Kepler mission revealed that more than 30% of
nearby Sun-like, FGK-type stars have at least one close-
in super-Earth/mini-Neptune (Petigura et al. 2013; Zhu,
W. et al. 2018), whereas the solar system does not have
such a planet. Similar to what we see in the PDS 70
disk and our simulations, it is likely that Jupiter and
Saturn reduced the inward solid mass flux in the so-
lar nebula by trapping large grains beyond their orbits.
As a result, a significantly less amount of solid would
have been available in the inner disk, in which case the
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growth of terrestrial planets had to be limited (see also
e.g., Haugbølle et al. 2019; Lambrechts et al. 2019). Fu-
ture statistical comparisons of the warm/cold Jupiter
occurrence rate between Earth hosting stars and super-
Earth/mini-Neptune hosting stars may help reveal if gi-
ant planets indeed play a role in determining the final
mass of terrestrial planets in the system.
Our simulations suggest that giant planets could set-
tle into mean motion resonance early while they grow
embedded in their gaseous host disk. In the solar sys-
tem, it is proposed that Jupiter and Saturn have cap-
tured in mean motion resonance while they are embed-
ded in the solar nebula (Masset & Snellgrove 2001; Mor-
bidelli & Crida 2007; Walsh et al. 2011). An early set-
tlement into mean motion resonance is also consistent
with the directly imaged four giant planets orbiting in
the HR 8799 debris disk that are suggested to be in
8:4:2:1 mean motion resonance (Konopacky et al. 2016;
Wang et al. 2018).
5. CONCLUSION
PDS 70 offers an ideal testbed for planet-disk inter-
action studies. Using two-dimensional hydrodynamic
planet-disk interaction simulations, we show that the
signposts of planet-disk interaction predicted by numer-
ical simulations show an excellent agreement with ob-
served features in the PDS 70 disk. This strongly sug-
gests that previously proposed theories of planet-disk
interaction, including resonant migration, particle trap-
ping, size segregation, and filtration, are indeed in ac-
tion. In particular, the sub-mm continuum ring ob-
served outward of the two directly imaged planets pro-
vides the first observational evidence that gap-opening
planets can hold particles with appropriate sizes beyond
their orbits.
By studying planets in formation and the co-evolution
with their host disk, we can also infer the formation his-
tory of mature planetary systems. The fact that giant
planets filter large grains suggests gas giants can have an
influence on the formation and characteristics of terres-
trial planets in the system, as they can induce a chemical
inhomogeneity and reduce the inward solid mass flux. It
will be interesting to know if it is common for giant plan-
ets to settle in a mean motion resonance while they are
growing embedded in the host disk. Transitional disks
having inner cavities might be good targets for this pur-
pose.
Although we show that two already-grown giant plan-
ets placed close to 2:1 mean motion resonance can
quickly settle into an orbital resonance, our simulations
do not address how the two planets have reached such a
configuration in the first place. On one hand, it is pos-
sible that the two planets form and grow near the com-
mensurability. In this case, the two planets should have
grown at a rate of & 10−6 MJup yr−1 on average, poten-
tially punctuated by even higher accretion rates during
episodic accretion events. Whether or not the planets
can remain dynamically stable with such mass growth
rates have to be examined. On the other hand, the two
planets could have formed and grown at distance, but
later migrated toward each other and captured in a mean
motion resonance. In this case, the migration must be
sufficiently slow so that the planets do not cross the 2:1
mean motion resonance but also they do not trigger a
dynamical instability. Future simulations taking into ac-
count both orbital migration and mass growth from one
to a few tens Earth-mass cores will help infer the full
history of PDS 70b and c’s formation and evolution.
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APPENDIX
A. INITIAL DISK TEMPERATURE
To set up the initial disk temperature profile, we first construct a stellar irradiation-dominated temperature profile
Tirr:
Tirr(R) =
(
fL∗
4piR2σSB
)1/4
. (A1)
Here, f = 0.1 is introduced to account for the non-normal irradiation at the disk surface, L∗ = 0.35 L(Pecaut &
Mamajek 2016; Keppler et al. 2018) is the stellar luminosity, and σSB is the Stefan-Boltzmann constant. Assuming
that the disk has a constant temperature over height at each radius, we construct the three-dimensional gas density
structure that satisfies the hydrostatic equilibrium in the vertical direction
− GM∗Z
(R2 + Z2)3/2
− 1
ρ
∂P
∂Z
= 0. (A2)
Here, G is the gravitational constant, M∗ is the stellar mass, Z is the height, ρ is the three-dimensional gas density,
and P = ρRT/µ is the gas pressure with R and µ being the gas constant and mean molecular weight. We adopt
the meridional boundary of the three-dimensional MCRT calculation domain at Z/R = ±0.45 (i.e., ±24 degrees
against the midplane). At the location of the two planets, this covers more than 6 scale heights with the stellar
irradiation-dominated disk temperature.
We fix the gas surface density profile, as described in Equation (1), and iterate MCRT calculations to compute the
three-dimensional disk temperature profile using RADMC-3D (Dullemond et al. 2012). After each MCRT calculation,
the three-dimensional gas density structure is updated with the new temperature. We stop the iteration when the
density-weighted, vertically integrated temperature distribution T¯ , defined as
T¯ (R) =
∫
ρ(R,Z)T (R,Z)dZ∫
ρ(R,Z)dZ
, (A3)
does not vary more than 1% at each radius from the previous iteration. We find that T¯ converges within the first few
iterations (Figure 6) and the final temperature profile is not sensitive to the choice of the input temperature profile.
In each Monte Carlo calculation we use 109 photon packages. We assume total 2× 10−7 M of small dust between
0.01 and 0.1 µm with a power-law size distribution, adopting a power-law exponent of −3.5. We assume that small
grains are perfectly coupled with disk gas. We assume these small grains are compact monomers consist of 60 %
silicate and 40 % amorphous carbon, having an internal density of 2.7 g cm−3. We adopt optical constants of silicate
and amorphous carbon from Draine & Lee (1984) and Li & Greenberg (1997), respectively.
Figure 6. (a) Blue curves show the density-weighted, vertically integrated temperature distribution T¯ from the first 10
MCRT iterations. The blue dashed curve shows the power-law fit to the temperature profile obtained from the 10th iteration:
T¯ (R) = 44 K (R/22 au)−0.24. The black curve shows the stellar irradiation-dominated temperature Tirr (Equation A1). (b)
The two-dimensional R− Z temperature distribution after 10 MCRT iterations.
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B. SIMULATED CONTINUUM OBSERVATION
To produce the simulated continuum images presented in Figure 5, we take the gas density distribution at t = 0.6 Myr
and run MCRT iterations as explained in Appendix A. One additional step we had is that, before we expand the two-
dimensional surface density from the hydrodynamic simulation in the vertical direction, we remove the material within
the Hill sphere of the planets and fill the region with the azimuthally averaged circumstellar disk surface density at
the corresponding radial location. This is necessary because the CPDs have their own scale heights which are much
smaller than that of the circumstellar disk. The temperatures at the location of the CPDs from the MCRT iterations
are therefore stellar irradiation-dominated temperature. If internal (e.g., viscous) and/or planet’s accretion heat play
a role, the CPD temperature can be higher than the stellar irradiation-dominated temperature.
The temperature profile from MCRT iterations is shown in Figure 7. The temperature is slightly lower than the
initial temperature within the gap and is higher beyond the gap because the outer disk is more directly exposed to
the stellar photons.
We assume that grains are composed of 30 % silicate matrix and 70 % water ice, having an internal density of
1.26 g cm−3. The optical constants of water ices and astrosilicates are adopted from Jena database and Draine & Lee
(1984), respectively. In the left panel of Figure 8, we show the size averaged absorption opacity as a function of the
observing wavelength, assuming a power-law size distribution with a power-law exponent of −3.5 and the minimum
and maximum grain size of 0.1 µm and 1 mm. Presented in the right panel is size-dependent absorption and scattering
opacities at λ = 855 µm. Simulated continuum images are produced considering both absorption and anisotropic
scattering using the Henyey-Greenstein approximation.
Figure 7. Similar to Figure 6, but with the gas density distribution at t = 0.6 Myr in the Mc = 2.5 MJup model. In panel (a),
the shaded region shows the radial location of the common gap opened by PDS 70b and c. The orange curve shows the disk
midplane temperature obtained after 10 MCRT iterations. The black curve shows the initial T¯ (R) distribution (Equation 2).
REFERENCES
Andrews, S. M., Huang, J., Pe´rez, L. M., et al. 2018, ApJL,
869, L41
Avenhaus, H., Quanz, S. P., Garufi, A., et al. 2018, ApJ,
863, 44
Ayliffe, B. A., & Bate, M. R. 2009, MNRAS, 397, 657
Baruteau, C., & Masset, F. 2008a, ApJ, 672, 1054
—. 2008b, ApJ, 678, 483
Baruteau, C., & Papaloizou, J. C. B. 2013, ApJ, 778, 7
Baruteau, C., & Zhu, Z. 2016, MNRAS, 458, 3927
Baruteau, C., Barraza, M., Pe´rez, S., et al. 2019, MNRAS,
486, 304
Birnstiel, T., Klahr, H., & Ercolano, B. 2012, A&A, 539,
A148
Brittain, S. D., Carr, J. S., Najita, J. R., Quanz, S. P., &
Meyer, M. R. 2014, ApJ, 791, 136
Brittain, S. D., Najita, J. R., & Carr, J. S. 2019, arXiv
e-prints, arXiv:1908.00132
Brittain, S. D., Najita, J. R., Carr, J. S., et al. 2013, ApJ,
767, 159
14 Bae et al.
Figure 8. (Left) The absorption (solid) and scattering (dashed) opacities κabsν and κ
sca
ν as a function of the observing wavelength
λ. (Right) The absorption (solid) and scattering (dashed) opacities at λ = 855 µm, as a function of dust size.
Canup, R. M., & Ward, W. R. 2002, AJ, 124, 3404
Charnoz, S., Fouchet, L., Aleon, J., & Moreira, M. 2011,
ApJ, 737, 33
Christiaens, V., Cantalloube, F., Casassus, S., et al. 2019,
ApJL, 877, L33
de Val-Borro, M., Edgar, R. G., Artymowicz, P., et al.
2006, MNRAS, 370, 529
Dong, R., Hashimoto, J., Rafikov, R., et al. 2012, ApJ, 760,
111
Draine, B. T., & Lee, H. M. 1984, ApJ, 285, 89
Dullemond, C. P., Juhasz, A., Pohl, A., et al. 2012,
RADMC-3D: A multi-purpose radiative transfer tool, , ,
ascl:1202.015
Dullemond, C. P., Birnstiel, T., Huang, J., et al. 2018, ApJ,
869, L46
Du¨rmann, C., & Kley, W. 2017, A&A, 598, A80
Fouchet, L., Maddison, S. T., Gonzalez, J.-F., & Murray,
J. R. 2007, A&A, 474, 1037
Gaia Collaboration, Prusti, T., de Bruijne, J. H. J., et al.
2016, A&A, 595, A1
Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al.
2018, A&A, 616, A1
Haffert, S. Y., Bohn, A. J., de Boer, J., et al. 2019, Nature
Astronomy, 329
Hashimoto, J., Dong, R., Kudo, T., et al. 2012, ApJL, 758,
L19
Hashimoto, J., Tsukagoshi, T., Brown, J. M., et al. 2015,
ApJ, 799, 43
Haugbølle, T., Weber, P., Wielandt, D. P., et al. 2019, AJ,
158, 55
Isella, A., Benisty, M., Teague, R., et al. 2019, ApJL, 879,
L25
Keppler, M., Benisty, M., Mu¨ller, A., et al. 2018, A&A,
617, A44
Keppler, M., Teague, R., Bae, J., et al. 2019, A&A, 625,
A118
Kley, W. 1999, MNRAS, 303, 696
Konopacky, Q. M., Marois, C., Macintosh, B. A., et al.
2016, AJ, 152, 28
Kruijer, T. S., Burkhardt, C., Budde, G., & Kleine, T.
2017, Proceedings of the National Academy of Science,
114, 6712
Lambrechts, M., Morbidelli, A., Jacobson, S. A., et al.
2019, A&A, 627, A83
Li, A., & Greenberg, J. M. 1997, A&A, 323, 566
Long, Z. C., Akiyama, E., Sitko, M., et al. 2018, ApJ, 858,
112
Lubow, S. H. 1991a, ApJ, 381, 259
—. 1991b, ApJ, 381, 268
Lubow, S. H., Seibert, M., & Artymowicz, P. 1999, ApJ,
526, 1001
Masset, F. 2000, A&AS, 141, 165
Masset, F., & Snellgrove, M. 2001, MNRAS, 320, L55
Morbidelli, A., & Crida, A. 2007, Icarus, 191, 158
Muley, D., Fung, J., & van der Marel, N. 2019, arXiv
e-prints, arXiv:1902.07191
Mu¨ller, A., Keppler, M., Henning, T., et al. 2018, A&A,
617, L2
Mu¨ller, T. W. A., Kley, W., & Meru, F. 2012, A&A, 541,
A123
Paardekooper, S.-J., & Mellema, G. 2004, A&A, 425, L9
Papaloizou, J. C. B., Nelson, R. P., & Masset, F. 2001,
A&A, 366, 263
Pecaut, M. J., & Mamajek, E. E. 2016, MNRAS, 461, 794
Pe´rez, S., Casassus, S., Hales, A., et al. 2019, arXiv
e-prints, arXiv:1906.06305
AN IDEAL TESTBED FOR PLANET-DISK INTERACTION: PDS 70 15
Petigura, E. A., Howard, A. W., & Marcy, G. W. 2013,
Proceedings of the National Academy of Science, 110,
19273
Pinilla, P., Benisty, M., & Birnstiel, T. 2012, A&A, 545,
A81
Pinte, C., Price, D. J., Me´nard, F., et al. 2018, ApJL, 860,
L13
Quillen, A. C., & Trilling, D. E. 1998, ApJ, 508, 707
Rice, W. K. M., Armitage, P. J., Wood, K., & Lodato, G.
2006, MNRAS, 373, 1619
Teague, R., Bae, J., Bergin, E. A., Birnstiel, T., &
Foreman-Mackey, D. 2018, ApJL, 860, L12
van der Marel, N., van Dishoeck, E. F., Bruderer, S., et al.
2016, A&A, 585, A58
Wagner, K., Follete, K. B., Close, L. M., et al. 2018, ApJL,
863, L8
Walsh, K. J., Morbidelli, A., Raymond, S. N., O’Brien,
D. P., & Mandell, A. M. 2011, Nature, 475, 206
Wang, J. J., Graham, J. R., Dawson, R., et al. 2018, AJ,
156, 192
Ward, W. R., & Canup, R. M. 2010, AJ, 140, 1168
Warren, P. H. 2011, Earth and Planetary Science Letters,
311, 93
Zhu, Z., Andrews, S. M., & Isella, A. 2018, MNRAS, 479,
1850
Zhu, Z., Nelson, R. P., Dong, R., Espaillat, C., &
Hartmann, L. 2012, ApJ, 755, 6
Zhu, Z., Nelson, R. P., Hartmann, L., Espaillat, C., &
Calvet, N. 2011, ApJ, 729, 47
Zhu, W., Petrovich, C., Wu, Y., Dong, S., & Xie, J. 2018,
ApJ, 860, 101
